Introduction {#Sec1}
============

Aerosol particles play a crucial role in the Earth's energy budget by both scattering and absorbing solar radiation (the direct effect)^[@CR1]^ and acting as cloud condensation nuclei (CCN) and ice-nucleating particles (INP) (the indirect effects)^[@CR2]^. The complex organic fraction present in atmospheric aerosol is a major contributor to the uncertainty in aerosol--climate interactions, hindering our ability to make accurate climate predictions^[@CR3]--[@CR5]^.

The thermodynamic viability of a given aerosol particle to act as a CCN is described by Köhler theory^[@CR6]^. By simultaneously accounting for the curvature of the liquid--vapour interface (Kelvin effect) and the presence of solutes in the particle phase (Raoult effect), the CCN activity of an aerosol can be assessed at a given ambient water saturation ratio *S* (or supersaturation *s* = *S* -- 1). CCN activation occurs when the water vapour supersaturation *s* exceeds the critical supersaturation *s*~*c*~ at the droplet surface. Most earlier studies of ACI have been conducted assuming a surface tension of a pure water droplet and that solutes, including the organic compounds, reside in a single bulk aqueous phase^[@CR7],[@CR8]^. It is widely acknowledged, however, that some atmospheric organic aerosol constituents form a distinct surface phase that leads to a reduction in the Raoult effect and surface tension, potentially lowering *s*~*c*~^[@CR9]--[@CR12]^.

Recent laboratory studies^[@CR13],[@CR14]^ indicate a previously undetected, but potentially significant, influence on CCN concentrations by surface-active organics. In particular, a compressed film representation, in which the organic molecules form a film on the growing cloud droplet surface, has been shown to reproduce observed CCN activity and droplet growth for a range of atmospherically relevant organic--inorganic mixtures^[@CR14]^. Surface-active organic species have furthermore been identified in field samples of aerosol particles from various environments. These include, e.g., fatty acids present in sea spray^[@CR15]^, carboxylic acids present in secondary organic aerosol from forests^[@CR10],[@CR13]^ and organic compounds in nascent ultrafine mode (NUM) particles at a coastal location^[@CR16]^. Specifically, significant CCN enhancements, up to tenfold as compared with the standard approaches, by surface tension suppression have been reported at Mace Head^[@CR16]^, Ireland, in spite of competing solute effects related to the surface composition. The broad applicability and climate relevance of these observations has not, however, been tested.

Non-linear responses of cloud formation to bulk-surface partitioning and surface tension depression complicate the understanding of ACI. It has been suggested that both effects need to be addressed simultaneously to avoid erroneous CCN and cloud droplet number concentration (CDNC) predictions^[@CR17]^. In the studies to date, this has resulted in only minor changes in *s*~*c*,~ CCN or CDNC^[@CR12],[@CR18],[@CR19]^. These studies, however, have not accounted for surface phenomena based on the new molecular models derived from recent experimental findings^[@CR13],[@CR16]^ or complex inter-dependencies between atmospheric dynamics, particle-size distribution shapes and chemical composition. Through consideration of the influence of surface tension depression relative to a standard Köhler formulation, across a range of fixed updraft velocities of 0--3.0 m s^−1^, CDNC enhancements of 10--40% and 0--50% in marine and urban environments have been predicted in a cloud parcel model framework^[@CR20]^. These results indicate that surface phenomena can play an important role under some conditions, but they remain to be verified in the light of recent findings using comprehensive sensitivity analyses.

Processes governing ACI need to be described with sufficient accuracy while maintaining computational feasibility in general circulation model (GCM) and Earth System Model (ESM) frameworks, with priority given to those with the largest impacts on cloud formation and properties. In GCMs and ESMs, the number concentration of activated aerosol particles, which is used in determination of cloud microphysical and optical properties, is parameterised in terms of the updraft velocity and aerosol-size distribution and composition^[@CR21],[@CR22]^. Typically, droplet activation parameterisations contain drastic simplification of atmospheric aerosol composition due to computational limitations---organic aerosol species are routinely represented by a maximum of two tracers, for example^[@CR5]^. Constraining uncertainties inherent to ACI requires new approaches to quantify the influence of organic compounds on cloud formation in various environments, characterised by the chemical composition^[@CR23]^ and size distribution^[@CR24]^ of aerosol particles. Cloud parcel models, while providing the theoretical basis for cloud droplet activation parameterisations used in climate models, also allow for detailed molecular-level descriptions of chemistry (including the most recent descriptions of surface phenomena arising from the recent observations^[@CR14],[@CR16]^) and microphysics of aerosol particles and cloud droplets owing to their computational efficiency.

Here, we have embedded an approximation^[@CR16]^ of the compressed film model^[@CR14]^ as a novel description of surface-active organic molecules in a cloud parcel model to examine the applicability of recent findings in the larger context of climate, cloud formation and ACI (see Supplementary Fig. [1](#MOESM1){ref-type="media"}). We probe the complete atmospherically relevant parameter space representative of marine and boreal continental environments using the Sobol algorithm^[@CR25]--[@CR27]^ for model variance decomposition, and demonstrate the multidimensionality of cloud responses to surface phenomena. With the cloud parcel model framework developed here, driven with observational data, we illustrate how the shape of the aerosol-size distribution, particle composition and updraft velocity constitute key drivers of surface phase induced cloud susceptibilities. We derive quantitative criteria for significant CDNC and cloud optical property responses to surface activity and identify environments, where detailed understanding of these phenomena is needed for accurately predicting ACI. Our work hence has the potential to facilitate the development of new and improved climate models that account for the molecular-scale phenomena where they matter most; and guide the experimental community to collect observational data in environments where detailed composition information is most needed.

Results {#Sec2}
=======

Cloud response to surface phase in three environments {#Sec3}
-----------------------------------------------------

To assess the implications of the organic aerosol surface phase for cloud formation, and e.g., preindustrial radiative forcing estimates, we characterised marine (MA) and continental boreal (HYY) aerosol populations for simulation of cloud events with an adiabatic cloud parcel model. Each environment was represented by a submicron bimodal aerosol number concentration size distribution consisting of Aitken and accumulation modes, and mass fraction-based composition (see Fig. [1a, b](#Fig1){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}). In both environments, simple mixtures of inorganics and a single proxy organic compound were prescribed as approximations to real mixtures that likely contain hundreds, if not thousands, of different organic compounds^[@CR3]^. In addition to the MA and HYY cases, which can be considered representative of large marine or continental boreal regions, further consideration is given to the NUM-event (NE) instance^[@CR16]^ to illustrate how strong CCN responses might manifest in explicitly simulated atmospheric conditions. For each case (MA, HYY and NE), an adiabatic cloud formation event was simulated twice, first with a single bulk phase Köhler theory description of cloud droplet growth (denoted BK), assuming complete dissolution of the organics, and second with an approximation^[@CR16]^ to the compressed film model^[@CR14]^, further denoted CF (see the Methods section, Fig. [1;](#Fig1){ref-type="fig"} Supplementary Fig. [1](#MOESM1){ref-type="media"}). While the BK approach represents a limiting case with maximal reduction of the Raoult term (water activity) by organic mass and no surface tension reduction, the CF framework provides no reductions to the Raoult term, but a maximal reduction of the surface tension, since all organic material is assumed to reside in a film-like surface phase. The compressed film interfacial mechanism reduces *s*~*c*~ and introduces a cusp in the Köhler curve once a particle exceeds the size required for complete film coverage (Fig. [1c, d](#Fig1){ref-type="fig"}).Fig. 1Characterisation of marine (MA), boreal (HYY) and nascent ultrafine mode event (NE) aerosol populations and their thermodynamic description by Bulk Köhler (BK) and compressed film (CF) models. **a** Dry aerosol number concentration size distributions for MA^[@CR52]^ (blue), HYY^[@CR31]^ (green) and NE^[@CR16]^ (orange) particle populations. **b** Assumed chemical composition of the particle populations. **c** Köhler curves corresponding to dry aerosol particles with 50 -nm radii and the compositions shown in **b**). Solid and dashed curves correspond to bulk Köhler (BK) and compressed film (CF) hydrometeor growth and phase structure descriptions, respectively. All Köhler curves are for Aitken mode compositions. **d** CF (dashed) and BK (solid, grey) surface tension curves corresponding to the 50 nm (in radius) Aitken mode particle Köhler curves displayed in **b**). Below the curves, a schematic illustrates the thinning and dissolution of the initially complete film-like surface phase due to hydrometeor growthTable 1Overview of parcel model input parameters and output variables for bulk Köhler (BK) and compressed film (CF) modelsLocationMace headHyytiäläMace headCharacteristic environmentMarineBoreal forestNUM event*Model input* Aitken mode number concentration *N*~1~ \[cm^−3^\]22611102000 Acc. mode number concentration *N*~2~ \[cm^−3^\]13454030 Aitken mode geometric mean radius *R*~1~ \[nm\]19.722.711.5 Acc. mode geometric mean radius *R*~2~ \[nm\]69.582.2100 Geom. standard deviation of Aitken mode *σ*~*g*,1~1.711.751.71 Geom. standard deviation of accumulation mode *σ*~*g*,2~1.701.621.70 Organic fraction in Aitken mode *F*~org,1~0.20.670.52 Organic fraction in accumulation mode *F*~org,2~0.20.670.30 Updraft velocity *w* \[m s^−1^\]0.320.320.32 Minimum surface film thickness *δ*~min~ \[nm\]0.20.20.2 Surface tension of organic *γ*~org~ \[mN m^−1^\]404040*Model output* Cloud droplet number conc. CDNC~BK~ \[cm^−3^\]14741768 Cloud droplet number conc. CDNC~CF~ \[cm^−3^\]166513165 CDNC enhancement Δ~CDNC~ \[%\]1323145 Maximum supersaturation $\documentclass[12pt]{minimal}
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Figure [2a, b](#Fig2){ref-type="fig"} shows vertical profiles of simulated cloud microphysics, for all three cases, during parcel ascension and cloud formation. By suppressing the critical supersaturation required for droplet activation, the CF model results in heightened CCN activity, increased number of growing hydrometeors and, therefore, an increased water vapour condensation sink as compared with BK simulations, reducing *s*~max~ by 0.022, 0.044 and 0.088% for MA, HYY and NE, respectively (Fig. [2a](#Fig2){ref-type="fig"}). The corresponding enhancements in CDNC, denoted Δ~CDNC~, are 13, 26 and 145% (Fig. [2b](#Fig2){ref-type="fig"}). Increasing *s*~max~ typically facilitates the activation of smaller aerosol particles, as described by Köhler theory, thereby enhancing CDNC for a given aerosol particle population. Here, however, CDNC is enhanced despite a decrease in *s*~max~ due to larger reductions made to *s*~*c*~ by the surface phase (Fig. [1c](#Fig1){ref-type="fig"}). The resulting changes in the smallest activated dry aerosol radius *r*^\*^ in the Aitken and accumulation modes are 5.6 and 3.9 nm (MA), 15.9 and 11.5 nm (HYY) and 9.3 and 2.9 nm (NE), respectively. In all cases, the CF droplet spectra at 200 m above the cloud base show a reduced mode size and increased CDNC as compared with BK (Fig. [2c](#Fig2){ref-type="fig"}). While the difference in droplet size is only minor in the MA and HYY cases, it is significant for NE, owing to the combined effect of the organic fraction and aerosol size-distribution characteristics. These changes in cloud droplet spectra correspond to average changes in cloud optical thickness and albedo of \~4 and 3% (MA), 6 and 4% (HYY) and 36 and 25% (NE). Taking MA and HYY cases as global proxies for all oceanic and continental cloud systems, these cloud albedo changes could modify the short-wave cloud radiative effect over ocean and continental areas by as much as 11.5 and −0.7 W m^−2^, respectively (see the Methods section for calculation details). While these values are undoubtedly a very coarse estimation, they suggest potentially significant effects of the description of the surface phenomena on the predicted climate implications of ACI, when compared against the estimated total indirect aerosol radiative forcing of −1 W m^−2^ and total top-of-atmosphere short-wave cloud radiative effect (SW-CRE) of about^[@CR28]^ −47 W m^−2^. These results highlight the strong sensitivity of the estimated aerosol forcing to global perturbations in CDNC and cloud droplet size.Fig. 2Simulated microphysics of cloud events on marine (MA, blue), boreal (HYY, green) and NUM-event (NE, orange) aerosol populations. Cloud-formation event simulations using bulk Köhler BK (solid lines) and approximate compressed film CF (dotted lines) models of cloud droplet activation with initial temperature *T* = 280 K, pressure *P* = 98,000 Pa, supersaturation *s* = −0.1% and fixed updraft velocity *w* = 0.32 ms^−1^. Simulated (**a**) ambient parcel supersaturation and (**b**) cloud droplet number concentration during parcel ascent. **c** Simulated droplet size distribution at a parcel displacement 200 m above initialisation

Exploration of the atmospheric parameter space {#Sec4}
----------------------------------------------

While the results presented in Fig. [2](#Fig2){ref-type="fig"} suggest potentially significant implications of the CF vs. BK treatment for CDNC, particularly on NE and HYY aerosol types, it is important to assess the magnitude of aerosol process effects simultaneously with variations in updraft velocities^[@CR20],[@CR29]^, organic fraction and aerosol size distribution throughout the input parameter space. To that end, Fig. [3](#Fig3){ref-type="fig"} shows how the CDNC response to the surface phase depends on the updraft velocity *w* and organic mass fraction *F*~org~, for MA and HYY. NE is omitted here as a specific case with a well-defined^[@CR16]^ *F*~org~, (see Supplementary Fig. [2](#MOESM1){ref-type="media"} for NE updraft sensitivity). *w* and *F*~org~ perturbations to the MA and HYY cases indicate that total organic mass fractions exceeding \~0.2 and 0.3, for MA and HYY, respectively, result in Δ~CDNC~ \> 10% for all probed updraft velocities (Fig. [3b, d](#Fig3){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}). The Δ~CDNC~ peaks at *F*~org~ ≈0.6−0.7 in both cases, which is relevant for typical organic budgets in forested continental environments (dotted boxes in Fig. [3](#Fig3){ref-type="fig"}, corresponding to parameter ranges given in Table [2](#Tab2){ref-type="table"}), but close to the upper limit of what has been observed for the marine aerosol during periods of peak biological activity^[@CR30]^. In the MA case, peaks in Δ~CDNC~ were found for updrafts *w* \< 1 m s^−1^, and for the HYY case 1 \< *w* \< 3 m s^−1^. When *N*~2~ is replaced with lower values associated with pristine maritime^[@CR16]^ and boreal environments^[@CR31]^, there is little change in the ranges of *F*~org~ that facilitate Δ~CDNC~ \>10%, although the required *F*~org~ values are below that of the characteristic MA simulation (Fig. [3a, c](#Fig3){ref-type="fig"}). This effect is also clearly demonstrated in the surface phase susceptibility of CDNC in the NE (Fig. [2](#Fig2){ref-type="fig"}), which contains the pristine maritime accumulation mode, *N*~2~ = 30 cm^−3^. While accumulation mode concentrations this low are probably extreme instances, these portions of the input parameter space illustrate how a reduction in the accumulation mode condensation sink can increase peak Δ~CDNC~ values as much as by 50 and 25%, for perturbed maritime and boreal environments, respectively. Similar subsets of the input parameter space pertaining to the CF model parameters and Aitken mode concentration are provided in Supplementary Figs. [3,](#MOESM1){ref-type="media"} [4](#MOESM1){ref-type="media"} and discussed in Supplementary Note [1](#MOESM1){ref-type="media"}. While the Δ~CDNC~\>10% criterion is somewhat arbitrary and cloud optical properties will depend on absolute values of CDNC, it is chosen herein based on the sensitivity of SW-CRE estimates (see Methods) to the Δ~CDNC~ values reported here (Fig. [2](#Fig2){ref-type="fig"}). Constraints on *F*~org~ and *w* established by this criterion are summarised in Table [3](#Tab3){ref-type="table"}, with additional, similarly derived constraints based on an alternative criterion set on albedo *α* enhancement of Δ~α~\>5%.Fig. 3Cloud droplet number concentration response Δ~CDNC~ to the surface phase as a function of organic mass fraction and parcel updraft velocity. Δ~CDNC~ at 200 m above cloud base, as a function of the fixed updraft velocity and organic mass fraction for: **a**, **b** Marine (MA) simulations setting accumulation mode concentrations *N*~2~ = 30 cm^−3^ (corresponding to pristine marine accumulation mode, as observed during the NUM event^[@CR16]^) and *N*~2~ = 135 cm^−3^, respectively. **c**--**d** Boreal (HYY) with *N*~2~ = 160 cm^−3^ and *N*~2~ = 540 cm^−3^, respectively. Blue and green markers indicate base MA and HYY simulation cases. Dotted boxes outline the regions of the parameter planes associated with typical environmental conditions (Table [2](#Tab2){ref-type="table"}). Accumulation mode concentrations *N*~2~ in panels **a** and **c** correspond to lower bounds for the studied environments^[@CR16],[@CR31]^, and those in **b** and **d** to average values. Dotted curves show the Δ~CDNC~ = 10% isoline. Dashed curves illustrate the environment specific Δ~*α*~ = 5% isolines, i.e., Δ~CDNC~ = 25, and 28%, respectively for MA and HYY, determined from the Schwartz and Slingo approximation^[@CR64]^Table 2Parameter ranges bounding Latin hypercube sampled^[@CR38]^ random parameter combinations used for cloud parcel model input in assessing parametric uncertainties in model outputsMarineBorealMinMaxMinMaxAitken mode number concentration *N*~1~ \[cm^−3^\]1506004401780Acc. mode number concentration *N*~2~ \[cm^−3^\]60250160920Aitken mode geometric mean radius *R*~1~ \[nm\]15.523.51431Acc. mode geometric mean radius *R*~2~ \[nm\]701006698.5Geom. standard deviation of Aitken mode σ~*g*,1~1.401.801.561.95Geom. standard deviation of accumulation mode σ~*g*,2~1.401.801.461.78Organic fraction in Aitken mode *F*~org,1~0.050.400.600.71Organic fraction in accumulation mode *F*~org,2~0.050.400.600.71Updraft velocity *w* \[m s^−1^\]0.052.400.052.40Minimum surface film thickness *δ*~min~ \[nm\]0.160.300.160.30Surface tension of organic *γ*~org~ \[mN m^−1^\]30503050Table 3Organic mass fraction and updraft criteria, established from Fig. [3b](#Fig3){ref-type="fig"} and d, yielding significant cloud microphysical responses to the surface phaseCloud microphysical susceptibility criteriaEnvironmentΔ~CDNC~ \> 10%Δ~α~ \> 5%Marine (MA)*F*~org~ \> 0.2 all *w*0.35 \< *F*~org~\< 0.95 *w* \< 4.5 ms^−1^Boreal, Hyytiälä (HYY)*F*~org~ \> 0.3 all *w*0.6 \< $\documentclass[12pt]{minimal}
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Model predictions of CDNC, cloud optical thickness and albedo with respect to changes in *N*~1~ and *N*~2~ (Fig. [4](#Fig4){ref-type="fig"}) share similarly shaped susceptibilities over the same domain and indicate that, besides requiring sufficient *F*~org~, instances of large Δ~CDNC~ are linked to low *N*~2~ and high *N*~1~ for a fixed updraft *w* = 0.32 ms^−1^ (Fig. [4a, d](#Fig4){ref-type="fig"}, Supplementary Fig. [3](#MOESM1){ref-type="media"}). The viability of *N*~1~ and *N*~2~ as reliable indicators of marine Δ~CDNC~, irrespective of aerosol modal size and width, was confirmed by analysis of the 2876 aerosol size distributions observed at Mace Head^[@CR32]^ during summer 2012 (see Fig. [4a](#Fig4){ref-type="fig"} scatter and Supplementary Note [2](#MOESM1){ref-type="media"} for details). It should be cautioned that the Mace Head station is potentially influenced by anthropogenic sources^[@CR33]^, nevertheless simulations performed on the fitted concentrations in Fig. [4a](#Fig4){ref-type="fig"} are made using the MA composition to isolate aerosol size distribution dependencies. The time series of Δ~CDNC~(*t*), corresponding to the scatter in Fig. [4](#Fig4){ref-type="fig"}, simulated on the observed size distributions has a median value of 10% (Supplementary Figs. [5](#MOESM1){ref-type="media"}--[7](#MOESM1){ref-type="media"}). This indicates that the NE case is very atypical in its CDNC response of Δ~CDNC~ = 145%, and that the characteristic MA Δ~CDNC~ = 13% simulation (Fig. [2](#Fig2){ref-type="fig"}), based on clean air masses, is not dissimilar to the potentially anthropogenically influenced air masses over this period on account of the size distribution.Fig. 4Cloud microphysical and optical property responses to the surface phase as a function of Aitken (***N***~1~) and accumulation (***N***~2~) mode concentrations. **a**--**c** Contour surfaces showing dependencies of cloud droplet number concentration, cloud optical depth and albedo enhancements Δ~CDNC~, Δ~τ~ and Δ~*α*~, respectively, assuming a cloud depth of 200 m, on *N*~1~ and *N*~2~ when updraft, chemical composition and other size-distribution parameters are fixed to their marine average (MA) values (Table [1](#Tab1){ref-type="table"}, Fig. [1](#Fig1){ref-type="fig"}). Greyscale scatter shows simulated cloud droplet concentration enhancements Δ~CDNC~ on size distributions measured at Mace Head during summer 2012 assuming the MA composition and updraft used for the contour calculation. Red and blue scatter points show the MA and NUM-event aerosol concentrations in the (*N*~1~, *N*~2~) plane, and boxes show typical ranges applied to marine (cyan) and arctic marine (blue) aerosol concentrations^[@CR37],[@CR59]^. **d**--**f** As in **a**--**c**, but for the Hyytiälä boreal simulation (HYY) and typical aerosol boreal concentration ranges. Dotted contours show the Δ~CDNC~ = 10% isoline. Solid contours illustrate environment specific Δ~*α*~ = 5% isolines associated with Δ~CDNC~ = 22 and 28% for MA and HYY, respectively, determined from the Schwartz and Slingo approximation^[@CR55]^. Similarly, dashed contours indicate Δ~*α*~ = 5% isolines, but determined from explicit columnar integration of liquid water content and droplet effective radius and scattering asymmetry parameter. Constraints on aerosol concentrations necessary to exceed these microphysical metrics can be found in Table [4](#Tab4){ref-type="table"}

A global sensitivity analysis, using the Sobol algorithm^[@CR25]--[@CR27]^ (see Supplementary Note [2](#MOESM1){ref-type="media"}), in which all size distribution, compositional fractions, compressed film model and updraft parameters are varied simultaneously, authenticates these findings whilst also using a probability density function description of updraft velocities. Specifically, variance in absolute CDNC predictions is governed by aerosol size distribution and updraft parameters (Supplementary Figs. [8](#MOESM1){ref-type="media"}--[9a, b, d, e](#MOESM1){ref-type="media"}), corroborating the results from previous sensitivity analysis^[@CR34]^. On the other hand, a similar analysis of the relative change Δ~CDNC~ (Supplementary Figs. [8](#MOESM1){ref-type="media"}--[9c, f](#MOESM1){ref-type="media"}) yields a more uniform, interaction-dominated sensitivity landscape, particularly in the boreal case, in which compressed film parameters and the organic mass fraction also become important constituents of the total model variance. In summary, four key parameters, *N*~1~, *N*~2~, *w* and *F*~org~, are in minimum required to accurately capture the response of cloud microphysical properties to the organic surface phase. The molecular properties of the organic species (in this framework specifically the compressed film parameters *γ*~org~ and *δ*~min~, see Table [1](#Tab1){ref-type="table"}, Supplementary Figs. [4](#MOESM1){ref-type="media"}, [8](#MOESM1){ref-type="media"}, [9](#MOESM1){ref-type="media"}) will naturally proliferate in importance with increasing organic mass.

From Fig. [4](#Fig4){ref-type="fig"}, ranges of *N*~1~ and *N*~2~ yielding specific CDNC sensitivities can be determined for the studied conditions (assuming the compositions and updraft in Table [1](#Tab1){ref-type="table"}). In the case of MA, Δ~CDNC~ \> 10% is achieved for $\documentclass[12pt]{minimal}
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                \begin{document}$$N_2 < aN_1^b + c,$$\end{document}$ a fitted a power law to the Δ~CDNC~ = 10% contour in Fig. [4a](#Fig4){ref-type="fig"} (see Table [4](#Tab4){ref-type="table"} for the fitted coefficients, and Supplementary Note [4](#MOESM1){ref-type="media"} and Fig. [10](#MOESM1){ref-type="media"}). Cloud albedo enhancements Δ~α~ \> 5% are found for approximately *N*~2~ \< 150 cm^−3^ and 100 \< *N*~1~ \< 6000 cm^−3^ (Fig. [4c](#Fig4){ref-type="fig"}). It is clear from the specific positioning of the NE case in the (*N*~1~, *N*~2~) plane that its size distribution makes any potential cloud event particularly susceptible to the surface phase. For the HYY case, most of the (*N*~1~, *N*~2~) domain results in Δ~CDNC~ \> 10%, whilst Δ~*α*~ \> 5% is satisfied by a similarly fitted power law contour (see Table [4](#Tab4){ref-type="table"}). Contours indicating significant microphysical susceptibility thresholds, in both MA and HYY cases, intersect with significant regions of the (*N*~1~, *N*~2~) plane associated with typical maritime and boreal aerosol concentrations (boxes, Fig. [4](#Fig4){ref-type="fig"}). It should be noted again that the choices of Δ~CDNC~ = 10% and Δ~α~ = 5% as threshold values for cloud microphysical and optical responses are somewhat arbitrary and different choices for significant microphysical responses result in different concentration, organic fraction and updraft criteria, as illustrated by these two specifications. Nevertheless, these constraints can be used as a guide when deciding upon whether a detailed description of surface phenomena in a given environment for estimates of ACI is recommended (see also the typical ranges of aerosol concentrations in these environments, indicated by boxes in Fig. [4](#Fig4){ref-type="fig"}). The profile of the Δ~CDNC~ (*N*~1~*, N*~2~) surface is mimicked by cloud optical thickness and albedo enhancements, Δ~*τ*~ and Δ~α~, over the same domain (Fig. [4b, c, e, f](#Fig4){ref-type="fig"}). Peak values in Δ~CDNC~, Δ~*τ*~ and Δ~α~ are found to be 35 and 110%, 12 and 24% and 8 and 17%, for MA and HYY cases, respectively, which would all be expected to yield significant surface phase induced SW-CRE differentials^[@CR35]^. The parametric sensitivities presented in Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"} and Supplementary Figs. [3](#MOESM1){ref-type="media"}, [4](#MOESM1){ref-type="media"} support the conclusions obtained from the six representative cloud event simulations (Figs. [1,](#Fig1){ref-type="fig"} [2](#Fig2){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}): cloud formation in clean environments characterised by low accumulation mode concentrations but containing a source of ultrafine particles (e.g., via new particle formation) are most prone to a signal of surface-active organics in cloud droplet activation. For example, Arctic or Antarctic environments^[@CR36],[@CR37]^ could therefore be well-disposed to such influence in the presence of sufficient organic mass.Table 4Aerosol size-distribution criteria, established from Fig. [4a](#Fig4){ref-type="fig"} and d, yielding significant cloud microphysical responses to the surface phaseCloud microphysical susceptibility criteriaEnvironmentΔ~CDNC~ \> 10%Δ~*α*~ \> 5%Marine (MA)$\documentclass[12pt]{minimal}
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Implications for aerosol--cloud--climate interactions {#Sec5}
-----------------------------------------------------

Going from the micro- (Δ~CDNC~) to macrophysical optical (Δ~α~) cloud responses results in diminished percentage change sensitivities (Fig. [4](#Fig4){ref-type="fig"}). Nevertheless, even minor changes in cloud-top albedo may have a significant impact on SW-CRE estimates, if widely applicable. As an example, assuming the MA simulation (Fig. [2](#Fig2){ref-type="fig"}) to be representative all marine clouds, a surface phase induced SW-CRE differential of −1.5 W m^−2^ follows a 3% albedo change assuming a cloud fraction of 0.7 over ocean and cloud depth of 200 m. By initialising the cloud model with input parameters (size distribution, *F*~org~, *w* and compressed film parameters, Table [2](#Tab2){ref-type="table"}) randomly sampled using the Latin hypercube method^[@CR38]^, Fig. [5](#Fig5){ref-type="fig"} illustrates how input parameter uncertainties translate into mean-normalised parcel model output variance across microphysical to bulk optical scales (see also Supplementary Figs. [11](#MOESM1){ref-type="media"}, [12](#MOESM1){ref-type="media"} and Note [5](#MOESM1){ref-type="media"}). While the reduced sensitivity in the cloud liquid water path (LWP) is clear, the sensitivity remerges in the cloud optical properties, which depend explicitly on the cloud-top effective droplet radius. It should be noted, however, that the uncertainties presented in Fig. [5](#Fig5){ref-type="fig"} do not account for perturbations in cloud depth and cloud fractions, which will likely result in quantitatively different estimates of uncertainty. SW-CRE estimates in particular will depend on explicit variation in cloud field features that are not captured by the adiabatic parcel model, though a simplistic dependence on fixed cloud fraction is given in the supplementary information (Supplementary Fig. [13](#MOESM1){ref-type="media"}). In terms of absolute model variances (Supplementary Figs. [11,](#MOESM1){ref-type="media"} [12](#MOESM1){ref-type="media"}), differentiating the CF and BK models from one another within the context of the natural variabilities expressed by the broad ranges given in Table [4](#Tab4){ref-type="table"} seems unlikely. Nevertheless, the combination of the small parametric uncertainty of the cloud optical properties and the large uncertainty in the resulting SW-CRE differential illustrates the inherent difficulty in distinguishing the signal from of microphysical processes from the observational data on cloud properties and accurately predicting the true climate impacts of detailed aerosol--cloud interaction processes.Fig. 5Normalised parametric uncertainties in parcel model simulated cloud microphysical and optical properties, and estimated surface phase induced short-wave cloud radiative effect (SW-CRE). Mean-normalised parametric uncertainties determined by dividing the 95th (top) and 5th (bottom) percentiles by mean values obtained from model output distributions resulting from simulations initialised with 5000 Latin hypercube sampled^[@CR38]^ parameter combinations from ranges in Table [2](#Tab2){ref-type="table"}. A cloud depth of 200 m is assumed in all cases, and cloud droplet number concentrations statistics are made at cloud top. The SW-CRE differential is estimated by assuming fixed cloud fractions of 0.7 (marine) and 0.5 (boreal, land proxy)

Discussion {#Sec6}
==========

The complex interactions between updraft, chemical composition and size-distribution shape in determining the role of surface-active species on cloud formation have been noted previously^[@CR20]^. However, this is to our knowledge the first study probing the complete parameter space, outlining robust and quantitative constraints for conditions wherein the surface phase plays a significant role in ACI. These quantitative criteria encapsulate a diverse set of environmental conditions and provide guidance for determining instances where global climate models would benefit from chemically sophisticated, and often computationally more demanding, parameterisations of cloud formation. Our findings highlight the necessity of improved understanding of the chemical (e.g., emissions of specific chemical species and their reactions in the atmosphere) and microphysical processes (e.g., nucleation, condensation, coagulation and scavenging) that determine the shape of the aerosol number concentration size distribution, and their representation in climate models. Cloud formation in conditions characterised by clean accumulation modes and ultrafine particle sources are especially susceptible to the surface activity and explain observed instances of high CCN activity such as the NE^[@CR16]^. Furthermore, accurate knowledge of water vapour concentrations and its degree of saturation, the dynamic suppression of which we have here modelled with the approximate CF model for the first time, in different parts of the atmosphere are naturally a prerequisite of accurate predictions in ACI. By explicit simulation of surface phase suppressed ambient supersaturations, and the affect this has on hydrometeor growth rates, we have shown that cloud droplet sizes are reduced (Fig. [2c](#Fig2){ref-type="fig"}), despite the increase in critical sizes shown in Fig. [1c](#Fig1){ref-type="fig"} and previously reported^[@CR14]^ due to reduced growth rates and increased CCN activity. Dynamic suppression of ambient supersaturation by the surface phase in CF parcel model simulations of the NE also explains, at least in part, the discrepancy between the 145% CDNC enhancement reported herein and the observed^[@CR16]^ tenfold CCN concentration enhancement. The ambient supersaturation is also critically dependent upon the updraft velocity, herein shown to be one of the key drivers of surface phase dependent cloud microphysics and droplet activation, reiterating the need for its constraint on the GCM sub-grid scale.

Besides the relatively high accumulation mode concentration, the small sensitivity displayed by the marine average case can in part be attributed to the low organic mass fraction (Figs. [1](#Fig1){ref-type="fig"}, [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). Whilst a modest prescription of organic mass is in-line with general modelling practices, its measurement at-large remains highly uncertain and instances of large sources of organics from marine biota have been reported^[@CR30]^. Broader organic mass fraction perturbations (Fig. [3;](#Fig3){ref-type="fig"} Supplementary Fig. [9](#MOESM1){ref-type="media"}) indicate strong relative changes in CDNC, thereby advocating for improved organic aerosol budget prescriptions as has been noted previously^[@CR39],[@CR40]^. More comprehensive observations on the exact identities, properties and amounts of atmospheric organic aerosol constituents are therefore warranted---particularly given the uncertainties related to the properties assumed for the representative surrogate systems. Furthermore, whilst the sensitivity of clouds to surface-active organics in typical boreal conditions was predicted to be moderate (at least compared with the NE), the results indicate an increase in the sensitivity at updraft velocities that can be present in convective regimes (Fig. [3](#Fig3){ref-type="fig"}). It is currently unknown if surface-active species are aerosol constituents in tropical convective storms, high organic mass concentrations, however, are known to be commonplace^[@CR41],[@CR42]^. Collectively, these uncertainties highlight the need for long-term, size-resolved measurements of the molecular composition and properties of the organic aerosol fraction in different environments. We have focused on natural aerosol sources so as to provide some illumination on the importance and prevalence of chemically induced cloud microphysical susceptibilities in the modelling of preindustrial radiative forcings relevant for determination of the aerosol indirect effect. Therefore, similar analyses concentrating on anthropogenic aerosol, applying new estimates of marine organic abundance as they evolve and investigating surface-active organics in tropical convective clouds are required and should form the basis for future work. The assumption of complete solubility and insolubility of organic material in BK versus CF models makes the CDNC responses to the surface phase herein maximal, whilst the reality is probably somewhere in between. While recent studies indicate that surface tension reduction by organics does indeed prevail over the solute effect^[@CR14],[@CR16]^, laboratory studies with direct measurement of the surface tension reduction and surface composition of realistic atmospheric mixtures are also desirable^[@CR43]^.

In their totality, our findings further serve as a stark reminder that aerosol--cloud interactions are subject to complex non-linearities, and that the 'size vs. chemistry' narrative sometimes perpetrated^[@CR44]^ is ill-posed, as their coupling in aerosol and cloud microphysics runs deep.

Methods {#Sec7}
=======

The adiabatic parcel model {#Sec8}
--------------------------

Here, we provide a brief overview of the adiabatic cloud--air parcel model, for a more extensive account the reader is referred to previous accounts^[@CR45],[@CR46]^ and references therein. The model simulates the ascent, expansion and cooling of an air parcel along with the size evolution of the hydrometeor population due to condensation/evaporation and co-evolution of liquid and vapour water mixing ratios. Mathematically, this takes the form of a system of 4 + *n*~*t*~*n*~*b*~ coupled ordinary differential equations where *n*~*b*~ is the number of size classes composing each of the *n*~*t*~ aerosol type (as defined by distinct internal mixtures) size distributions that constitute external mixtures; each size class in each aerosol type has an associated condensation/evaporation differential equation. The four additional differential equations constitute the evolution of parcel temperature *T*, pressure *P*, supersaturation *s* and altitude *z*. Initial conditions are set to *T*~0~ = 280 K, *P*~0~ = 98000 Pa and *s*~0~ = −1% to characterise conditions immediately below cloud base and are constant across all simulations performed. Specification of *z* is arbitrary, and therefore all model output is shown in terms of parcel displacement. To mimic the conceptual framework of droplet activation parameterisations employed in GCMs, all simulations were carried out using constant updraft velocities *w*, as opposed to buoyancy-derived updraft velocities, and therefore the rate of ascent is simply the initial updraft$$\documentclass[12pt]{minimal}
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To solve the above system of ordinary differential equations the condensation sink must be evaluated at each time step *i* of duration Δ*t* = 0.01 s$$\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$r_{jk}\frac{{{\mathrm{d}}r_{jk}}}{{{\mathrm{d}}t}} = \frac{{(S - S_{{\mathrm{eq}},jk})}}{{\frac{{\rho _wR_vT}}{{D_v^ \ast e_s}} + \frac{{L_e\rho _w}}{{kT}}\left( {\frac{{L_e}}{{R_vT}} - 1} \right)}},$$\end{document}$$

*k* = 4.2 × 10^−3^ (1.0456 + 0.017 *T*) is the thermal conductivity^[@CR49]^ measured in J m^−1^ s^−1^ K^−1^, and *S*~eq~ the saturation ratio at the particle surface as evaluated by the bulk Köhler or compressed film models (see the next section). $\documentclass[12pt]{minimal}
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Modelling the organic aerosol surface phase {#Sec9}
-------------------------------------------

Assuming ideality and a dilute aqueous phase, Köhler theory expresses the saturation vapour pressure ratio *S*~*eq*~ at the surface of a wetted particle in terms of its dependency upon *A* and *B* coefficients, which characterise the surface curvature (Kelvin term) and solute (Raoult term) effects, together in the Köhler equation^[@CR51]^$$\documentclass[12pt]{minimal}
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where *ρ*~*i*~ is the density of compound *i*.

This formulation that assumes a single bulk homogeneously mixed aqueous phase and a size-independent surface tension of a pure water drop *γ*~*w*~ = 72.8 mN m^−1^, is bulk Köhler theory (BK). The peak of the bulk Köhler curve referred to by the critical supersaturation *s*~*c*~ (defining thermodynamic CCN activation potential) and critical radius *r*~*c*~ (defining kinetically realised cloud droplet formation) can be calculated by finding the stationary point,$$\documentclass[12pt]{minimal}
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Simulation setup {#Sec10}
----------------

Aerosol particles in the marine case, denoted MA, are prescribed by the average of size distributions measured at Mace Head, Ireland^[@CR52]^ on account of its status as a remote location subject to influxes of maritime air masses^[@CR53]^. While instances of the organic mass fraction *F*~org~ as high as 0.63 have been reported during peak phytoplankton bloom periods^[@CR30]^, here a more conservative value of 0.2 for both Aitken and accumulation modes is chosen to reflect annual average values observed using the Aerosol Mass Spectrometer (AMS)^[@CR53]^. The remaining aerosol mass is taken to be ammonium sulphate and sodium chloride---as a surrogate for the inorganic sea spray^[@CR54]^---in the Aitken and accumulation modes, respectively. In representing the chemical properties of the MA organic fraction with a single surrogate compound, the molar mass *M*~org~ = 256.4 g mol^−1^ and density *ρ*~org~ = 0.852 g cm^−3^ of palmitic acid^[@CR15],[@CR55]^ are chosen.

The remote continental case is characterised using aerosol size distributions measured at the SMEAR II station in Hyytiälä, Finland^[@CR31]^, further denoted HYY, and prescribing *F*~org~ = 0.60 based on available (mostly spring, summer and early fall) AMS measurements^[@CR56]^, for both Aitken and accumulation modes. To chemically characterise the HYY Aitken and accumulation mode organic fractions, average properties of SOA surrogate systems 2 and 1, respectively, previously reported^[@CR16]^ are assumed. Since these systems are thought to be representative of SOA from alpha-pinene ozonolysis, they may be deemed suitable proxies of also the boreal type SOA^[@CR39],[@CR57]^. Specifically, the dimer compounds, assumed to be present in the Aitken mode, are thought to represent low-volatility, multifunctional organic compounds; the average properties of which are *M*~org~ = 368.4 g mol^−1^ and *ρ*~org~ = 1.2 g cm^−3^. The more chemically diverse SOA surrogate system 1, assumed to constitute the organic fraction of the accumulation mode, has average properties *M*~org~ = 190 g mol^−1^ and *ρ*~org~ = 1.24 g cm^−3^.

The NE aerosol size distribution and organic and inorganic mass fraction composition were taken to be those reported at Mace Head, Ireland^[@CR16]^, and the organic components of each aerosol type are taken to be the SOA surrogates also used in HYY---although the exact composition of the NUM event is not known.

These cases are of course coarse in their representation of maritime and boreal aerosol populations in relation to the large degree of spatiotemporal variability, potential size-dependent composition of the ultrafine aerosol, as AMS data are generally dominated by the large end of the size-distribution probed, and the expected complexity of realistic atmospheric organic aerosol (and even inorganic sea spray^[@CR54]^). Nevertheless, we employ them first as specific model inputs for representative cloud formation simulations, and second as a basis on which to explore the input parameter space associated with natural variability in aerosol physicochemical properties.

For the CF model, a minimum film thickness of 0.2 nm and pure organic surface tension of 40 mNm^−1^ were assumed for all the cases (Table [1](#Tab1){ref-type="table"}), while extensive literature on these values for the representative mixtures is missing. A typical fixed updraft velocity of *w* = 0.32 m s^−1^ (see Supplementary Fig. [2](#MOESM1){ref-type="media"} and Note [6](#MOESM1){ref-type="media"}) was used throughout, unless otherwise stated, to isolate the effects of the aerosol population and phase separation of the organic mass. For each case (MA, HYY and NE), an adiabatic cloud event was simulated twice, first with a single bulk phase Köhler theory description of cloud droplet growth (denoted BK), assuming complete dissolution of the organics, and second with an approximation^[@CR16]^ to the compressed film model^[@CR14]^ further denoted CF (Fig. [1;](#Fig1){ref-type="fig"} Supplementary Fig. [1](#MOESM1){ref-type="media"}). Whilst the BK approach represents a limiting case with maximal reduction of the Raoult term (water activity) by organic mass and no surface tension reduction, the CF framework provides no reductions to the Raoult term, but a maximal reduction of the surface tension, since all organic material is assumed to reside in a film-like surface phase. The compressed film interfacial mechanism reduces *s*~*c*~ and introduces a cusp in the Köhler curve once a particle exceeds the size required for complete film coverage (Fig. [1c, d](#Fig1){ref-type="fig"}).

The parameter value ranges used for the sensitivity and parametric uncertainty analyses for MA and HYY are listed in Table [2](#Tab2){ref-type="table"}. For MA, suitable ranges of the organic fraction are chosen based on AMS measurements reported to originate from arctic, polar and tropical maritime sources^[@CR53]^, while the scope of size-distribution parameters is taken from those reported by Heintzenberg et al.^[@CR58]^. Ranges in organic fraction for the boreal case HYY are obtained by quadrature uncertainty combination of different components of the organic fraction determined from statistical analysis of measurements made in Hyytiälä^[@CR56]^. The corresponding size-distribution ranges are derived from standard deviations reported for continental air masses in Hyytiälä^[@CR31]^.

Cloud optical properties and radiative effect estimates {#Sec11}
-------------------------------------------------------

To relate the particle size distribution to cloud optical properties, the total liquid water content along the column of ascent, termed the liquid water path LWP and measured in units of g m^−2^, must be determined. From first principles, the LWP is readily computed by integration over an assumed cloud depth *z*~*c*~$$\documentclass[12pt]{minimal}
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                \begin{document}$$\tau = \frac{{3{\mathrm{LWP}}}}{{2\rho _wr_e}},$$\end{document}$$where the effective radius is defined by the ratio of the third and second moments of the cloud droplet spectrum^[@CR61]^, *r*~*e*~ = *r*^3^/*r*^2^. From the optical thickness, the cloud albedo *α* may be determined subject to the two-stream approximation^[@CR62]^,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha = \frac{{(1 - {\mathrm{g}}){\mathrm{\tau }}}}{{2 + (1 - {\mathrm{g}}){\mathrm{\tau }}}},$$\end{document}$$where the dimensionless asymmetry parameter *g*, a property of the droplets, used to characterise the radiative transfer of energy within the droplet is typically assumed to be^[@CR63]^ \~0.85, indicative of a forward scattering. In addition, absolute changes in cloud albedo Δ(*α*) can be approximated from CDNC changes^[@CR64]^ Δ(*α*) = 0.075×In(CDNC~CF~/CDNC~BK~), where here CDNC~BK~ and CDNC~CF~ are CDNC corresponding to BK and CF models. Rearranging and using CDNC~BK~ = 139, 185 and 410 cm^−3^, for MH, MA and HYY, respectively (Table [1](#Tab1){ref-type="table"}) indicates that CDNC enhancements of Δ~CDNC~ = 4 (22, 49), 4 (23, 54) and 5 (29, 66) are required for 1 (5, 10)% increases in cloud albedo relative to BK albedo estimates obtained from the parcel model.
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                \begin{document}$$\Delta \left( \alpha \right) = \alpha _{CF} - \alpha _{BK}$$\end{document}$ (Eq. (20)) for a given aerosol type, then an associated short-wave cloud radiative effect (SW-CRE) differential can be estimate^[@CR65]^,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \left( F \right) = - \varepsilon _s\varepsilon _c\frac{{F_0\Delta \left( \alpha \right)}}{4},$$\end{document}$$where *F*~0~ = 1370 W m^−2^ is the solar irradiance received by the top of the atmosphere, and *ε*~*s*~ and *ε*~*c*~ are the fractional surface coverage of the Earth made by the given aerosol type and of cloud coverage prevailing over that aerosol type, respectively. Using input parameters in Table [1](#Tab1){ref-type="table"} and assuming a cloud depth of 200 m, absolute changes in cloud albedo are found to be Δ(*α*) = 0.009 and e Δ(*α*) = 0.014 for MA and HYY, respectively. Taking MA and HYY cases as proxies for ocean and land aerosol populations, *ε*~*s*~ = 0.7 and 0.3 and average cloud fraction^[@CR66]^ *ε*~*c*~ = 0.7 and 0.5, this simplified formulation yields respective SW-CRE differentials of Δ(*F*)~ocean~**≈** − 1.5 W m^−2^ and Δ(*F*)~land~**≈** **−** 0.7 W m^−2^. Such a calculation is a dramatic simplification in its assumption of an ever-present organic surface phase, and globally uniform cloud depth, and neglect of feedback effects. In that respect, these numbers should be considered order of magnitude estimates, nevertheless, when combined they are on the order of that of total aerosol forcing estimates^[@CR4]^, *F*~tot~\~− 1 W m^−2^.
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